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Abstract
Parametric design has become an emerging research issue in the design domain. However,
our current understanding of creativity in the parametric design process is very limited.
This study presents a formal approach for describing and identifying cognitive thinking and
activities for evaluating creativity in parametric design process using protocol analysis.
This coding scheme is based on the creative acts: Representation, Perception, and
Searching for a solution. Also, it provides Geometry and Algorithm categories to capture
the cognitive activity in the parametric design process. The effectiveness of this formal
approach was examined in a pilot study. The percentage of coverage of geometric and
algorithmic cognitions results in a better understanding of the parametric design process
over a time period. The normalised value of the coverage percentage allows us to explore
three levels of design cognition in terms of creativity. This research contributes to the
development and verification of a formal approach for evaluating creativity in parametric
designing. With this formal approach, this research provides a promising procedure, not
yet available, of capturing cognitive activity and identifying creative patterns in the
parametric design process.
Keywords: generative and parametric design, design creativity, protocol analysis, design
process, cognition
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1. Introduction
Parametric design - an increasingly popular Computer Aided Design (CAD) technology offers a promising innovation for the generation of multiple new ideas through topological
relationships and algorithmic design rules. Parametric design has become a global
design phenomenon. Schumacher (2009), using the term parametricism, claimed that it is
a new global style for architecture and urban design. Why do contemporary designers
and the public pay so much attention to parametric design? One probable answer is
creativity.
Although some researchers (Blosiu, 1999; Iordanova, 2007; Iordanova, Tidafi, Guité,
Paoli, & Lachapelle, 2009) have argued that parametric design plays an important role in
design creativity, their findings have been limited to the use of theoretical approaches,
questionnaires and/or personal observations/reflections. There is a general lack of
empirical evidence for understanding whether parametric design can evoke creativity. At
the very least, parametric design has provided an approach for designers to more
divergently and flexibly generate and modify design alternatives. The question remains
‘How can creativity in parametric design processes and its outputs be formally evaluated
with empirical evidence?’ This paper explores this two-part question but focuses on the
first part, i.e., how to evaluate creativity in a parametric design process. Two further
questions arise from this research focus:
•

How to effectively capture cognitive activities in the parametric design process that
are relate to creativity?

•

How to identify patterns of cognitive activities so as to understand and evaluate
creativity in the parametric design process?

This research is designed to devise a formal approach to evaluating creativity in
parametric design. With a focus on the conceptual design process, the pilot study
presented in this paper aims to illustrate this rigorous approach and its verification. To do
that, protocol analysis (Gero & Neill, 1998; Suwa, Purcell, & Gero, 1998) is adopted.
Protocol analysis has been one of the main approaches used to explore cognitive activity
in the design domain. In conducting the protocol analysis, a coding scheme has been
specifically designed to suit the process of parametric design, in order to understand
designers’’ cognitive activities in relation to creativity during parametric design processes.
We posit that this will enable us to gain formal insights into, and directions for, the
evaluation of design creativity in parametric design environments, supported with
empirical evidence.

2. Background: Creativity and Protocol Analysis
2.1 Creativity in Parametric Designing
As observed in recent research (Hernandez, 2006; Qian, Chen, & Woodbury, 2007),
parametric design has radically changed designing in terms of the exploration of new
designs; however these studies have not directly and formally addressed design creativity.
Limited works have paid attention to creativity in parametric designing in terms of design
exploration during the conceptual design stage, where plentiful variations can be
generated with parameters and rules in computational parametric design environments.
Iordanova, et al. (2009) argue that generative modelling performed by using parametric
design tools can contribute to creativity. Furthermore, parametric designing is able to
generate and evolve ideas quicker than traditional descriptive CAD methods. Generative
parametric-based designs are evolved through extensive iteration, and regeneration is
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made with modified parameters and rules. From this perspective, generation and
evolution are important aspects of creativity in the process of parametric designing.
Creativity has been investigated by many researchers from such perspectives as
“creative thinking”, “problem solving”, “imagination”, or “innovation” (Lee, Gu, & Sherratt,
2011). Kryssanov et al. (2001) identified notions of creativity such as ‘novelty’ and
‘appropriateness’. These reciprocal concepts in creativity are widely accepted. Similarly,
Lawson (1980) described creativity as lying between convergent and divergent thinking.
Divergence generates many design alternatives while convergence provides an
appropriate solution. To enhance design creativity, Blosiu (1999) also presented an
approach to generate multitudes of design alternatives, as well as synectics’, a lateral
integrated design approach. Research related to design systems or computing has
described many alternatives coming from mental analogy and metaphoric thinking –
similar to synectics. Processes involved in creative design also consist of combination,
mutation, analogy, and first principles (Rosenman & Gero, 1993). However, parametric
design arguably generates more complicated and unexpected design outcomes than
traditional CAD methods do. This is because the former depends on mathematical
techniques or algorithms powered by computational thinking, with less limitation by
human designers’. Therefore, many more design variations can be generated to extend
the boundaries of knowledge (Gero, 1996; Liu & Lim, 2006).
Based on the above literature, this research considers creativity in parametric designing
as involving novelty and appropriateness. This understanding can be further identified as
a phenomenon, derived through divergent and convergent thinking, revealed within the
design process and the design outcomes resulting from meaningful complexity. Divergent
thinking is connected with the parameters and generative rules available in parametric
design environments, while convergent thinking is referred to here as rules which define
constraints for the most correct (or satisfactory) answer to a design question.

2.2. Protocol Analysis for Evaluating Parametric Designing
Protocol analysis (Gero & Neill, 1998; Suwa, et al., 1998) has been the main approach
used to explore cognitive activity in the design process. Protocol data from experiments
and interviews are segmented into separate cognitive activities. These segments are then
encoded using a coding schema that can be related to different creativity levels and
aspects, developed specifically for this study. The hypothesis is that the sequence of
coded segments will form cognitive patterns that are capable of revealing insights into
creativity in parametric designing. Consequently, the approach will (i) describe
relationships between the designer’s strategy and/or preference, as well as (ii) represent
assessments of design outcomes.
The experiment and interview here are designed to investigate creativity in design
cognition during parametric design processes via protocol analysis. The design process
and design cognition have been dominant research themes in the design domain (Chai &
Xiao, 2011). In order to capture and describe design cognition, there are several methods
and techniques: protocol analysis, observation of sketching behaviour, ethnography, and
diary method (Coley, Houseman, & Roy, 2007). Since the seminal research of Dorst
(Dorst, 1995), protocol analysis has become a popular method used by design
researchers. To obtain design protocols, researchers ask participants to verbalise their
thoughts and actions while designing. This enables their cognitive behaviour in the design
process to be captured. Verbalization can result in concurrent or retrospective protocols.
Even though the debate on the validity of concurrent and retrospective protocols is
ongoing (Coley, et al., 2007), Gero & Tang (2001) indicate that there are similarities
between the two techniques in terms of the process-oriented aspects of the design
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process. However, a concurrent protocol, so-called “think-aloud”, might interfere with the
design process and may not express the thought aloud, whilst a retrospective protocol
might result in details being omitted or even recalled incorrectly. While noting these
difficulties, we adopted think-aloud verbalisations for the initial protocols enhanced by a
post-experiment designer interview. The interview aims to capture and verify the
protocols retrospectively by asking the designer to watch and elaborate on the recorded
video of their design process.
For an effective analysis in this study, a coding scheme should be specifically developed
to suit the process of parametric design. The two coding schemes developed by Suwa et
al.(1998) and Gero & Neill (1998) have been widely used in the design domain. The
former targets the content-oriented aspects of designing, whilst the latter targets the
process-oriented aspects of designing (Coley, et al., 2007). For this research, the code
developed by Suwa et al.(1998) is suitable for examining the representation and
perception aspects in parametric designing, and the code developed by Gero & Neill
(1998) is valuable in studying aspects of searching for solutions in parametric designing.
The coding scheme in Table 1 for analysing how parametric design process supports
creativity is based on the adaptation of the above two influential coding schemes.
Table 1. Coding scheme for parametric designing related to creativity

Levels of Design
Cognition

Category

Subclasses

Description

Representation

Geometry

RG-Geometry
RG-Change

create geometries without an algorithm
change existing geometries

Algorithm

RA-Parameter
RA-ChangeParameter
RA-Rule
RA-ChangeRule
RA-Reference

create initial parameters
change existing parameters
create initial rules (or constraints)
change existing rules (or constraints)
retrieve or get internal/external references

R-Generation

make generation (or variation)

Geometry

PG-Geometry

attend to existing geometries

Algorithm

PA-Algorithm
PA-Reference

attend to existing algorithms (parameter, rule)
attend to existing reference data

Searching
Idea

SF-Initial Goal

Perception

Searching for
Solution

(Geometry)
(Algorithm)

introduce new ideas (or goals) based on a
given design brief
SF-GeometrySubGoal introduce new geometric ideas extended from
a previous ideas (or goal)
SF-AlgorithmSubGoal introduce new algorithmic ideas extended from
a previous ideas (or goal)

Evaluation

SE-Geometry

evaluate primitives or existing geometries

(Algorithm)

SE-Parameter
SE-Rule
SE-Reference

evaluate existing parameters
evaluate existing rules
evaluate existing references

SA-Geometry

adopt new ideas to geometries

SA-Parameter
SA-Rule
SA-Reference

adopt new ideas to parameters
adopt new ideas to rules
adopt new ideas to retrieve or get
internal/external references

Adopting
Idea
(Algorithm)

The coding scheme as shown in Table 1 is based on the creative acts in terms of design
creativity. These acts are differentiated into three high-level categories or levels of design
cognition that the authors identify as being significant to describing creativity during the
design process, namely ‘Representation’, ‘Perception’, and ‘Searching for a Solution’. In
order to develop categories and subclasses of detailed actions, the coding scheme
selectively adopts design actions (Suwa, et al., 1998) and cognitive actions (Kim & Maher,
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2008). As parametric design incorporates the crucial factors of a design as both design
models and parameters, the coding scheme divides each of the three levels into the two
categories of geometry and algorithm to capture the actions in parametric designing.

3. Design Experiment
The pilot study involved recruiting three postgraduate architecture students who have
experience in parametric design and have at least successfully completed a major studio
project using parametric design tools. The students were required to participate in an
one-hour design session performing a given design task using commercial parametric
design software. The design session and interview took place in the computer lab of each
student’s university. Each session was video-recorded with one camera giving a clear
view of the designer’s overall activities and the other focusing on the computer screen
(see Figure 1). Before the experiment, a researcher explained the design brief and
undertook a ‘practice-run’ of think-aloud verbalisations with each participant.

Figure 1. Images showing the two video camera perspectives

The brief is the conceptual design of a high-rise building. This is mainly a form generation
design task of the high-rise building. The experiment was videorecorded for later protocol
analysis and the completed computational design model was collected. After the
experiment, each student participated in a video-recorded interview with the researchers
and explained their thoughts and activities during the experiment whilst watching the
recorded video. The interview took approximately one and a half hours.

4. Results
4.1 Overall Findings
Table 2 shows the coding results of the parametric design processes of the three
participants. Each student used a different parametric design environment, viz.
Grasshopper, Maya Script Editor (SE), and Python. The design outcomes of the
experiments are shown in Figure 2.
Although the participants were allowed one hour to undertake the design task, two
students completed the design in approximately 1.5 hours. The average duration of each
segment was 17 seconds and the average value of the number of segments was 263.5.
The coder produced coding data in detail using the transcribe mode. Over 90% of each
protocol was encoded in our coding scheme, regardless of the use of the parametric
design environments. This indicates that this coding scheme enabled the effective
encoding of the data produced during the parametric design process. Table 2 shows the
frequency and coverage of the different levels of design cognition related to creative
design processes. On average, the coverage of ‘Representation’ accounts for 46.4%,
‘Perception’ accounts for 22.0%, and ‘Searching for a Solution’ accounts for 52.4%. The
coverage of ‘Perception’ is the smallest. The coding scheme contains detailed subclasses
at the level of ‘Searching for a Solution’, and particular attention is given to the subclass
‘Algorithmic Representations’ in the parametric design processes studied here. These
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results indicate that the coding scheme allows for the effective description of a variety of
design activities undertaken during the parametric design process.
The participants not only used different parametric design environments, but also
adopted different design strategies. Student A, using Grasshopper, planned a basic boxtype mass at the early design stage and then focused on designing a complex exterior
skin. The coverage (73.2%) of ‘Searching for a Solution’ was dominant in Student A’s
protocols. Student B and C began with designing an algorithm to generate a parametric
design pattern. On average, their protocols produced a similar frequency and coverage
across the three levels of design cognition. Student B generated a complex hexagon
pattern and then applied the pattern to a cylinder-type form. Student C, using Python,
mainly focused their design activity on programming a computer agent (so-called ‘agentbased approach’) which generated an animated point cloud for the design. Student C
preferred a scripting approach than using a graphical algorithm editor.
Considering the different strategies and preferences of participants, discussed in detail in
the following section, these overall findings reveal that the coding scheme can effectively
describe and distinguish between different patterns of design cognition related to
creativity in parametric designing.
Table 2. Coding results of the parametric design process

Student Environment
A

Design
Time

Grasshopper 0:32:31
+ Rhino 3D (*0:00:14)

Frequency and Coverage
Num. of
Coded
Segments Segment Represen- Perception Searching
tation
for Solution
142

136
(95.1%)

75
(52.8%)

7
(4.9%)

104
(73.2%)

B

Maya SE +
Rhino 3D

1:33:46
(*0:00:20)

286

264
(91.6%)

133
(46.5%)

34
(11.9%)

131
(45.8%)

C

Python
+ Rhino 3D

1:41:34
(*0:00:17)

368

336
(91.3%)

161
(43.8%)

25
(6.8%)

182
(49.5%)

1:15:57
(*0:00:17)

265.3

245.3
(92.5%)

123.0
(46.4%)

22.0
(8.3%)

139
(52.4%)

Average

(

* Average time duration per segment
) means the percentage of each coverage

Figure 2. Design outcomes of the three participated students
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4.2 Evaluation of Creativity in Parametric Design Process
To explore creativity in the parametric design process over a time period, we calculated
the coverage percentage of the frequency of each student’s cognitive thinking and
activities during their parametric design process, weighted by time span.
Considering the sequential design process, we found that the students’ protocols had
produced different cognitive patterns depending on their design approaches, as shown in
Figure 3. Student C tended to introduce new algorithmic ideas rather than the geometric
ideas encode as ‘SE-Rule (evaluating existing rules)’ after ‘SE-Geometry (evaluating
primitive or changed geometries)’. This indicates that ‘SE-Geometry’ and ‘SE-Rule’ can
form a dominant sequential cognitive pattern in the parametric design process.
Parametric design produces results and generates solutions that may be more
unexpected and/or more complex. Consequently, what is generated during the
parametric design process must be evaluated in both the 3D view and the script view. At
each timeframe, as shown in Figure 3, the code ‘SE-Geometry’ can result in setting up
and changing rules and parameters as well as evoking sub-goals for solving the problem
and even trouble shooting. More specifically, because of the use of scripting, ‘SE-Rule’
will often follow ‘SE-Geometry’– this is reflected in the protocols of all participants using
script editors. These two evaluation activities are closely related to each other, as in a
graphical algorithm editor the evaluation of or changes to the primitives of the geometries
(i.e., ‘SE-Geometry’), often results in changes to the rule and/or parameter.

Figure 3. Sequential cognitive patterns in the parametric design process

To facilitate the exploration and identification of the sequential patterns, the statistics of
coded data was visualised in two different ways. The first graph (see Figure 4), was
derived from the distribution of ‘Geometric’ category and ‘Algorithmic’ category encodings
(in percentage). The second graph (see Figure 5), was derived from the normalized value
of the first method so as to compare changes over time.
Figure 4 reveals that ‘Algorithmic Representation’ was a dominant cognitive activity in
all three design participants’ parametric design process. The three individual graphs in
the figure illustrate the percentage of the coverage of ‘Algorithmic Representation’ and
how it decreases over time; student C decreased more evenly while students A and B
tended to decrease more rapidly. Their different design strategies may account for the
differences. Student C utilised an agent-based approach, which generated an animated
point cloud, and consequently the code ‘Algorithmic Representation’ was produced in
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parallel to the code ‘Evaluation Algorithm’. The codes ‘Initial Goal’ and ‘Finding Ideageometry’ can be seen in the protocols of Students A and B, whilst there is no significant
cognitive activities regarding geometries in the case of Student C who focused more on
scripting.
In addition, Figure 4 shows that ‘Evaluation Geometry’ occurred more frequently in the
middle of each session. The ‘Evaluation Algorithm’ code demonstrates a unique pattern
in the three participants. For example, towards the completion of the design task, Student
A showed a rapid increase and then a sudden decrease in the coverage of ‘Evaluation
Geometry’. Student B showed increases twice over time in the percentage of ‘Evaluation
Algorithm’, while Student C produced slight decreases. Figure 4 indicates that the
protocols describing the three parametric design processes mainly consist of activities
related to the representation and evaluation of algorithms. These activities enable
meaningful cognitive patterns to be identified, revealing each designer’s unique
parametric design strategy.

Figure 4. Coverage percentage of geometric and algorithmic codes over time

The coding scheme developed here is categorised into three levels of design cognition
related to creativity, Representation, Perception, and Searching for Solution. The schema
therefore aims to capture and represent patterns that may support creativity in parametric
design. As another visual representation of such patterns, the normalised value of the
different levels of design cognition for each design participant is shown in Figure 5. Since
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the code ‘Algorithmic Representation’ (as discussed above) is a dominant feature at the
level of ‘Representation’, the normalised value of this code also decreases over time.
Whilst the code ‘Perception’ (an important process for supporting creativity) is smaller in
its coverage than other two levels, Figure 5 reveals that there are significant changes in
its occurrence within each timeframe. In the case of ‘Searching for Solution’, each
protocol shows a relatively high coverage in the middle of each timeframe.
Comparatively, all three levels of design cognition in Student B’s protocol were low - from
80 seconds to 90 seconds in the normalized value. This was because that the participant
often had to wait for a shape or form to be generated due to the required processing time.
Student A and B produced a similar pattern in ‘Representation’ and ‘Searching for
Solution’. For Student C, a different pattern can be seen. This may be accounted for their
different design strategy or computational method, related to computational creativity
(Maher, 2010). Since Student C used an agent-based approach, it was difficult for the
designer to anticipate the visualization of the design outcome, and the design solution
was generated via the processing of the scripts, rather than the processing of the visual
shapes and forms.
In summary, the results reveal specific design cognitions in each parametric design
process. Graphical analysis reveals that the coding schema is able to capture these
specific cognitive patterns as well as to explore their relevance to creativity in the
parametric design process.

Figure 5. Normalised values of the three levels of design cognition related to creativity
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5. Discussion
This pilot study has presented a study to start formal understanding and evaluating
creativity in the parametric design process using protocol analysis.
Because parametric design is relatively new and emerging, and whilst its design
processes and outputs have been described in the literature as being creative, there is a
lack of empirical evidence available. To enhance our understanding of creativity in the
parametric design process, this research developes a new coding scheme to encode
design cognition in parametric design, with a focus on creativity.
The limitations of this study’s sample size are recognised; however, whilst the pilot study
has collected and analyzed data from three students, the results show that the coding
scheme and the research design enable the effective analysis of design cognition related
to creativity occurred in the parametric design process. The graphs facilitate an
understanding of each participant’s cognitive patterns that support and are related to
creativity. The coverage of the ‘Perception’ protocol (see Table 2) was smaller than the
other cognitive design activities. ‘Representation’ and ‘Searching for Solution’ are
dependent on ‘Perception’ activities. Considering the coding of perceptual actions in
Suwa’s work (Suwa, et al., 1998), the ‘Perception’ code may increase throughout protocol
segments. In this paper only attending to existing geometries or algorithms belonged to
‘perception’. Nevertheless, Figure 4 indicates that Perception may evoke a unique pattern
to each protocol. We believe that the developed coding scheme here allows a new
exploration of creativity in the parametric design process, applicable to a range of
different parametric design environments.
Some researchers have claimed that creative individuals have specific cognitive patterns;
for example, preparation, incubation, illumination, and verification (Wallas, 1926). To
formally describe and evaluate creativity in the parametric design process, the method
should be capable of identifying meaningful cognitive patterns. The analysis applied in
this paper has revealed some cognitive patterns in parametric designing. These are
represented and examined in two graphs: (1) the coverage percentage of geometric and
algorithmic codes, and (2) normalised value for creativity levels over time. Results
indicate that the data generated by the coding schema is capable not only of identifying
cognitive patterns in the parametric design process, but also exploring the support of
these patterns for creativity. For example, specific cognitive patterns may account for
different design strategies and preferences in parametric design. Other patterns may
account for the use of different design tools and computational methods, for example,
Hasirci and Demirkan’s (2007) research on the effects of cognition on creative decision
making.
Finally, even though three different commercial parametric environments were used in
this study for the verification of the coding scheme, it is difficult to generalise the results
and derive common patterns. The coding process also requires a consensual approach
to ensure the reliability of the coding process. Research studies undertaken previously
used two coders, the Delphi method (McNeill, Gero, & Warren, 1998) and the calculation
of the Kappa values (Kim & Maher, 2008). These issues will be addressed in future
studies.

6. Conclusion
Research thus far has demonstrated a limited understanding of creativity in the
parametric design process with a lack of empirical evidence. This pilot study presented a
formal approach describing and identifying cognitive patterns in parametric design
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process using protocol analysis, which can start formally understanding and evaluating
creativity. Our aim has been to illustrate this rigorous approach and provide empirical
evidence for its verification. Therefore, our two research questions were, firstly, how to
effectively capture cognitive activities and, secondly, how to identify patterns in cognitive
activities in the parametric design process for supporting creativity. To answer these
questions, we adopted protocol analysis and conducted the pilot study. Using a formal
approach, this research extends our understanding of how creativity in the parametric
design process can be evaluated.
The coding scheme developed here is structured around three levels of design cognition
related to creativity, namely ‘Representation’, ‘Perception’, and ‘Searching for Solution’. It
also highlights the geometric and algorithmic categories to suit the characteristics of
parametric design. The results of our pilot study have indicated that the coding scheme
enabled us to capture cognitive activities in the parametric design process. In addition, a
visual exploration for analysing protocol data provides us with a means for identifying
patterns of cognitive activities so as to evaluate creativity in the parametric design
process.
Future research will enhance the experiments using a greater number of participants. We
will also consider the use of a single software environment and a more stringent coding
procedure in order to provide the opportunity to generalise our results. These necessary
revision and addition to our formal framework will enable us to explore creativity in the
parametric design process more rigorously.
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